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This paper describes a simple and inexpensive procedure to produce thin-films of
poly(dimethylsiloxane). Such films were characterized by a variety of techniques (ellipsometry,
nuclear magnetic resonance, atomic force microscopy, and goniometry) and used to investigate the
adsorption kinetics of three model proteins (fibrinogen, collagen type-I, and bovine serum albumin)
under different conditions. The information collected from the protein adsorption studies was then
used to investigate the adhesion of human dermal microvascular endothelial cells. The results of these
studies suggest that these films can be used to model the surface properties of microdevices fabricated
with commercial PDMS. Moreover, the paper provides guidelines to efficiently attach cells in
BioMEMS devices.
1. Introduction
Recent developments in fabrication procedures and instrumen-
tation1 have enabled the development and application of
microfluidic devices to chemical, biomedical,2,3 pharmaceutical,4
environmental, and forensic sciences.5 Among other advantages,
these devices have the potential to combine sample-handling
capabilities, custom design, low-power requirements, and port-
ability while providing similar performance to their standard
bench-top counterparts. Additionally, various well-established
laboratory techniques can be easily integrated in microfluidic
devices, increasing the versatility and throughput of these systems.6
Although microfluidic devices were initially constructed using
glass, a wide variety of polymeric materials have been recently
used.7–10 Among them, poly(dimethylsiloxane) (PDMS) has been
one of the most widely used materials because it allows rapid
fabrication of devices using relatively simple and inexpensive
instrumentation.11–14 Although the general attributes of PDMS
and their molecular bases were recognized many decades ago,15
it is worth highlighting its chemical inertness, low electrical con-
ductivity, elasticity,6 and optical transparency.7,16 PDMS does
not swell or dissolve in a number of solvents17 and is permeable
to most gases, including oxygen.18 Despite several advantages of
PDMS for microfluidic devices, several drawbacks still limit the
applicability of this material.19 Probably one of the most
noteworthy characteristics of PDMS is its hydrophobic nature
(contact angle y110u) and porosity, allowing the absorption20,21
and adsorption22 of a wide variety of molecules. Because such
processes can have negative effects in devices used for separa-
tions,23,24 several procedures have been developed to control the
surface properties of PDMS.25–28 Taking advantage of the low
surface energy of PDMS,15 similar procedures have been used to
produce patterns and arrays by exposing the surface of this
material to target proteins.29–34 In this regard, controlling not
only the amount of adsorbed protein, but also the orientation
and conformation of the protein layer is particularly important
when proteins (such as fibronectin35) mediate interactions with
other biological entities such as cells.36–40 Despite the advantages
and the intriguing nature of the studies reported in literature,
only few research groups41,42 have investigated the influence
of adsorption kinetics on the biological activity of proteins
adsorbed to PDMS. Because the adsorption rate can have a
significant influence on the conformation and subsequent
biological activity of the adsorbed protein layer, obtaining such
information is critical to rationally design micro-electro mechan-
ical systems for biological applications (BioMEMS).
For the aforementioned reasons, and aiming to address this
gap in knowledge, thin-films of two n-dimethylsiloxanes were
deposited on silicon substrates and characterized by a variety of
complementary techniques. This approach developed to deposit
thin-films of PDMS proved to be simpler and faster than others
previously reported,22,43–47 some of which did not render uniform
layers of PDMS and thus were incompatible with ellipsometric
measurements. The deposited thin-films, that have identical
chemical composition and similar macroscopic properties than
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commercial PDMS (e.g., Sylgard 184), were then used to
investigate the adsorption kinetics of three model proteins:
fibrinogen (Fib), collagen type I (Col), and bovine serum albumin
(BSA) under different protein concentrations and pH values.
Spectroscopic ellipsometry was used to characterize the optical
properties of the films and to follow the adsorption process of each
protein in real time. Finally, the selected substrates were used to
evaluate the role of the characterized adsorbed protein layer on the
adhesion and morphology of human dermal endothelial cells.
2. Experimental
2.1. Reagents and solutions
All chemicals were analytical reagent grade and used as received.
Hydrogen peroxide, sodium hydroxide, and sodium dodecyl
sulfate (SDS) were purchased from Fisher Scientific (Fair Lawn,
NJ). All aqueous solutions were prepared using 18 MV cm water
(NANOpure Diamond, Barnstead; Dubuque, IA). The pH of the
solutions was adjusted using either 1 M NaOH or 1 M HCl and
measured using a glass electrode and a digital pH meter (Orion
420A+, Thermo; Waltham, MA). Two chlorine-terminated
n-dimethylsiloxanes were selected for these studies: 1,3-dicho-
loro-1,1,3,3-tetramethyldisiloxane (n = 2) and 1,7-dicholoro-
octamethyltetrasiloxane (n = 4). These chemicals were purchased
from Sigma-Aldrich (St. Louis, MO) and used as received.
Dichloromethane (DCM) was also purchased from Sigma
Aldrich and isopropanol (analytical grade) was obtained from
Fisher Scientific. Unless otherwise stated, solutions of either
bovine serum albumin (Fraction V, Fisher Scientific) or
fibrinogen (Fraction I, type 1-S from bovine plasma, Sigma-
Aldrich) were prepared in 10 mM phosphate buffer pH = 7.0.
Collagen type-I (from rat tail) was purchased from Invitrogen
(Grand Island, NY) and dissolved in acetate buffer (0.04 M,
pH = 4.8) following manufacturer’s instructions, ensuring
complete dissolution. The most relevant properties of the chosen
proteins are summarized in Table 1. Isoelectric points (IEP) were
obtained from the literature. Data related to the temperature at
which the denaturation transition is half completed (Tm) were
also obtained from the literature and included to provide
information regarding the structural stability of the chosen
molecules in comparison to the control protein, BSA (which is
typically considered a soft protein prone to denaturation upon
adsorption).48,49 Unless otherwise stated, all experiments were
conducted at room temperature (22 ¡ 1 uC).
2.2. Synthesis and characterization of nanostructured films
Standard ,111> silicon wafers (Si/SiO2, Sumco; Phoenix, AZ)
were initially scored using a computer-controlled engraver
(Gravograph IS400, Gravotech; Duluth, GA). The process
defined substrates of 1 cm in width and 3 cm in length that
were then manually cut and cleaned in piranha solution (30%
hydrogen peroxide and 70% sulfuric acid) at 90 uC for 30 min.
After thorough rinsing with water, the substrates were immersed
and stored in ultrapure water until use. In order to deposit the
thin-films on the substrates, the clean wafers were dried at 80 uC
for 4 h and immersed in solutions containing the corresponding
n-dimethylsiloxane (dissolved in dichloromethane) for 3 h, under
gentle stirring (100 rpm; Innova 2000; New Brunswick Sci.).
Subsequently, the coated wafers were sequentially rinsed with
isopropanol and water, dried in a convection oven, and stored
until use. Under the selected conditions, the attachment reaction
proceeds rather quickly leading to the deposition of a layer of
n-dimethylsiloxane covalently linked to the substrate by a head-
to-surface arrangement.53,54
Films produced by the deposition reaction of 1,7-dicholoro-
octamethyltetrasiloxane were characterized by nuclear magnetic
resonance (1H-NMR and 13C-NMR in CDCl3) using a Varian
INOVA 500 MHz Spectrometer. For comparison purposes, the
1H-NMR of 1,7-dicholoro-octamethyltetrasiloxane was also
obtained in CDCl3. In order to analyze the reaction products,
silica beads (>15 nm) were modified with 1,7-dicholoro-
octamethyltetrasiloxane, suspended in CDCl3, and analyzed
under conditions similar to those of the precursors in solution.
Contact angle measurements, used to evaluate the surface
hydrophobicity of the prepared substrates, were performed using
a VCA-Optima surface analysis system (Ast Products, Inc.;
Billerica, MA) and analyzed using the software provided by the
manufacturer, 30 s after dispensing 2 mL of deionized water.
Atomic force microscopy (AFM) images were obtained using a
Veeco diMultiMode Nanoscope V scanning probe microscope
operating in tapping and non-contact mode. The samples were
analyzed without any coating.
2.3. Spectroscopic ellipsometry
Experiments were performed using a variable angle spectro-
scopic ellipsometer (WVASE, J.A. Woollam Co., Lincoln, NE)
following a procedure described elsewhere.55–58 Under these
conditions, spectroscopic ellipsometry has proven suitable to
study the kinetics of protein adsorption processes59 and to
calculate the optical constants, thickness, and microstructure of
the adsorbed film. The sensitivity of the technique, critically
evaluated elsewhere,60 was also considered appropriate for the
purpose of the present study. Collected data (ellipsometric angles
as function of time, angle, and/or wavelength) were modeled
using the WVASE software package (J. A. Woollam Co.,
Lincoln, NE). Differences between the experimental and model-
generated data were assessed by the mean square error (MSE),61
a built-in function in WVASE based on eqn (2),
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where N is the number of Y and D pairs used in the mea-
surement, M is the number of parameters varied in the regression
analysis, and s is the standard deviation of the experimental data
Table 1 Most relevant properties of the proteins selected for these
studies
Protein MW (KDa) Dimensions (nm) IEP Tm (uC) Ref.
BSA 66.5 14 6 4 6 4 (heart) 4.8 57 50
Fib 340 47 6 4.5 (trinodular) 5.5 53 51
Col 300 300 6 1.5 (rod) 7.8 38 52
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points. Although smaller MSE values indicate better fittings,
MSE , 10 are typically considered acceptable.
Before each protein adsorption experiment, the thickness of
the deposited layer was measured by placing the substrate in the
ellipsometry cell59 and by performing a spectroscopic scan in the
300 to 800 nm range (with 10 nm steps) using the corresponding
aqueous buffer as the ambient medium. Then, the dynamic
experiment was initiated by pumping background electrolyte
through the cell at a rate of 1 mL min21 to establish the baseline.
Next, the protein solution was introduced, and the adsorption
process initiated. An initial fast process, followed by a slower
one, was always observed. After a plateau in the signal was
observed, the dynamic scan was stopped, and a spectroscopic
scan was collected to verify the thickness of the adsorbed protein
layer. Experiments performed in this way provided data for
calculating the initial protein adsorption rate and the saturation
amount. Subsequently to protein adsorption, a desorption
experiment was performed using the corresponding buffer
(y10 min) and then 4 mmol L21 SDS (30 min). In between
experiments, the flow cell and tubing were thoroughly rinsed
(with 0.1 mM SDS and water) to avoid cross-contamination.
2.4. Optical models
One of the limitations of ellipsometry is the requirement for an
optical model that describes the properties of the substrates in terms
of optical constants (refractive index, n, and extinction coefficient,
k) and thickness (d).62 In the present study, the model used to
represent the optical properties of the substrates was composed of a
layer of Si (bulk; d = 1 mm), a layer of SiO2 (d = 2.5¡ 0.5 nm), and
a transparent layer (representing the n(dimethylsiloxane) film),
represented by a Cauchy function (eqn (1)),
n lð Þ~Az
B
l2
z
C
l4
(1)
where l is the wavelength and A, B, and C are computer generated
fitting parameters.63 In agreement with previous experiments
performed under similar conditions,55,59,60,64 adsorbed proteins
were represented by an additional layer (described with an
additional Cauchy function) where A = 1.465, B = 0.01, and C =
0. These parameters yielded index of refraction values ranging from
1.527 to 1.477, which are consistent with previously reported values
for other adsorbed proteins.65,66 Under the chosen experimental
conditions, ellipsometry can be used to determine the amount of
adsorbed protein (C, expressed in mg m22) using eqn (2),
C~
d(n{n0)
(dn=dc)
(2)
where n and no are the refractive index of the protein and of the
ambient (aqueous buffer), respectively.67 In accordance with
previous reports,68–71 the refractive index increment for the proteins
in the adsorbed layer (dn/dc) was assumed to be 0.187 mL g21.
2.5. Cell culture, cell adhesion and cell morphology experiments
Human dermal microvascular endothelial cells (HDMEC) were
purchased from Sciencell (Carlsbad, CA) and cultured under
standard conditions (i.e., a humidified, 37 uC, 5% CO2/95% air
environment) in endothelial-cell complete medium (Sciencell; the
composition and concentration of the supplements contained in
this complete medium are proprietary vendor information).
When confluent, the cells were passaged after a short (6 min)
exposure to a trypsin/EDTA solution (BioCell; Rancho
Dominguez, CA), and re-suspended in fresh serum-free basal
endothelial-cell media (without supplements). Cells at passage
number 3 were used for the experiments.
For these studies, substrates (1 cm 6 1 cm) were modified
with 1,7-dicholoro-octamethyltetrasiloxane according to the
described procedure and then immersed (under constant agita-
tion at 100 rpm) in solutions containing each one of the proteins
tested under the chosen experimental conditions for two hours.
Next, the protein-modified substrates were thoroughly rinsed
with buffer (to remove loosely-bound proteins) and placed one
each in individual wells of polystyrene tissue-culture plates
(12-wells/plate, 22.1 mm internal diameter).
Human dermal microvascular endothelial cells were seeded
(48 000 cells/well containing one substrate) in Dulbecco’s
Phosphate Buffered Saline with neither calcium nor magnesium
(DPBS) and allowed to interact for 3 h. The adhered cells were
then fixed in situ using 4% formaldehyde in DPBS for 15 min,
rinsed twice with fresh DPBS, treated with 0.1% Triton-X, and
finally stained with Alexa Fluor 5681 Phalloidin (to visualize
the F-actin filaments of the cytoskeleton) and/or 49,6-diamidino-
2-phenylindole dilactate (DAPI) (to visualize the cell nuclei).
Both fluorescent stains were purchased from Invitrogen
(Carlsbad, CA) and were used following procedures provided
by the vendor. A fluorescent microscope (LEICA DM 5500B)
was used to visualize the F-actin filaments (excitation/emission
of 578/600 nm, respectively) and the cell nuclei (excitation at
358 nm/emission at 461 nm). All experiments were run in
duplicate and repeated at three separate times. In all cases,
20 micrographs/sample were examined to determine adhering cell
morphology and number of attached cells.
3. Results and discussion
3.1. Characterization of nanofilms
An optical model was developed to represent the optical
properties of the substrates and to interpret the adsorption
experiments. In all cases, a very good agreement (MSE , 10)
between the experimental and the model-calculated data was
obtained, indicating that the proposed model enables the
description of the properties of the substrates and that it can
be used to calculate thickness of the films. As a representative
example, Fig. 1A shows the data collected during a spectroscopic
scan (dependence of Y and D as a function of l) obtained at
three different angles of incidence for a thin-film of PDMS
(fabricated from the reaction of 1,7-dicholoro-octamethyltetra-
siloxane). Fig. 1A also shows the data generated using the
corresponding optical model. As can be observed, a very good
agreement (MSE , 5) between the experimental (data points)
and the model-generated data (lines) was obtained. The optical
constants calculated form these experiments (data not shown)
are also in agreement with previously reported values for
PDMS,72 though measured in a narrower spectral interval.
Additionally, reflective UV-Vis spectra (RP and RS; data not
shown) confirmed the presence of a transparent film (measured
in the 250–800 nm range) with isotropic properties, also in good
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agreement with the optical properties of PDMS.73,74
Furthermore, the aforementioned optical model also allowed
calculation of the thickness of the n-dimethylsiloxane films
deposited on the Si/SiO2 substrates. According to our results,
treating the Si/SiO2 wafers with either 1,3-dicholoro-tetramethyl-
disiloxane or 1,7-dicholoro-octamethyltetrasiloxane produced
uniform films with average thickness values of 1.3 ¡ 0.1 nm
and 2.1 ¡ 0.2 nm (n = 3, independently prepared), respectively.
Because the molecular dimensions of di- and tetra-(dimethyl-
siloxane) were calculated to be 0.65 and 1.33 nm, respectively
(see ESI{) our results suggest that in both cases, the films are
constituted by entangled oligomers (dimers and/or trimers) of the
corresponding n-dimethylsiloxane covalently linked to the sur-
face. Such arrangement closely resembles the porous structure of
commercial PDMS. This conclusion is in good agreement with
reports in the literature stating that many of the properties of
PDMS are consequence of the static and dynamic structure of
the siloxane backbone75 and the hydrophobicity of the methyl
chain.76 In the case of the present study, these properties are
indistinguishable from those of commercial PDMS. Also in
agreement with previously reported values for commercial
PDMS,77 the contact angle of the deposited films was 114 ¡
2u (n = 3, independently prepared), indicating the presence of a
rather hydrophobic surface. Furthermore, the topography of the
substrates was investigated by atomic force microscopy (see
representative image in Fig. 1B) and showed the presence of a
smooth film on the silica wafer with abundant nanostructured
features on the surface. The size of those features (as calculated
form the roughness of the AFM images) was 0.2 ¡ 0.1 nm.
Films made with 1,3-dicholoro-1,1,3,3-tetramethyldisiloxane
and 1,7-dicholoro-octamethyltetrasiloxane were then used to
evaluate the dynamic adsorption of fibrinogen (0.1 mg mL21 in
10 mM PBS, pH = 7.7). An unmodified wafer (Si/SiO2) was used
as a control surface. According to our results (data not shown),
fibrinogen attached onto both films and to the silica surface with
almost identical initial adsorption rates (dC/dt), reaching CSAT
values of 3.6¡ 0.1 mg m22 and 3.4¡ 0.1 mg m22, respectively.
Rinsing the samples with buffer did not induce desorption of
fibrinogen from the substrate surfaces tested. It was also
observed that, while SDS induced desorption of 81% of the
fibrinogen adsorbed onto Si/SiO2, a much smaller fraction (27%
and 13%) was removed from the substrate surfaces coated with
either 1,3-dicholoro-1,1,3,3-tetramethyldisiloxane or 1,7-dicho-
loro-octamethyltetrasiloxane, respectively. In line with previous
reports,58,78 our results show that the three surfaces tested
exhibited high fibrinogen adsorption, regardless of whether the
surface was hydrophilic or hydrophobic.79 However, the binding
strength of fibrinogen (as measured by elutability with SDS80–83)
was significantly higher on the dimethylsiloxane-treated surface
than on the plain silica surface. These results also support the
hypothesis that 1,7-dicholoro-octamethyltetrasiloxane can coat
the silica surface with a coverage higher than that of the 1,3-
dicholoro-1,1,3,3-tetramethyldisiloxane, explaining the inter-
mediate behavior observed during the protein desorption
studies performed with SDS. Consequently, films made with
1,7-dicholoro-octamethyltetrasiloxane were considered more
suitable for the scope of the present project, were further
characterized, and used for the rest of the experiments described
in the present manuscript. These films will be referred to as
PDMS-like films for the remaining part of this paper.
NMR was used to gain insight on the structures of both the
precursor and the deposited films (data included as ESI{). Two
signals of identical intensity were observed for the precursor
(1,7-dicholoro-octamethyltetrasiloxane): the signal observed at
0.14 ppm was assigned to the protons on the methyl groups
attached to internal Si atoms, while the signal that appeared
downfield (0.46 ppm) was assigned to the protons on the methyl
groups in the vicinity of the chlorinated terminal Si atoms. In
order to analyze the products of the reaction between the
selected n-dimethylsiloxanes and silica by NMR, the glass inner
surface of the NMR tube was modified according to the
previously described procedure. However, the magnitude of the
obtained signal was not considered appropriate. Consequently
and aiming to increase the amount of material available, silica
Fig. 1 A: Spectroscopic scans corresponding to data experimentally collected (points) and calculated with the optical model (lines) corresponding to a
Si/SiO2 substrate coated with a thin-film of PDMS of 2.01 ¡ 0.02 nm (MSE=4.3) fabricated from the reaction of 1,7-dicholoro-
octamethyltetrasiloxane. Y and D values are represented with solid and open symbols, respectively. Angle of incidence: 65u (??? <and ???), 70u (???
and ???), and 75u (??? and ???). B: 3D AFM image corresponding to a Si/SiO2 substrate coated with a thin-film of PDMS of 2.01¡ 0.02 nm fabricated
from the reaction of 1,7-dicholoro-octamethyltetrasiloxane.
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beads were modified with 1,7-dicholoro-octamethyltetrasiloxane
under conditions identical to those used to modify the Si/SiO2
wafers, suspended in CDCl3 and analyzed using standard
procedures. It is worth mentioning that a single peak (at
1.50 ppm) was observed in the 1H-NMR of the plain beads
and was attributed to the protons in the SiOH groups of the
surface. Conversely, the 1H-NMR of the modified beads showed
a main peak (at 0.05 ppm), and a series of much smaller peaks at
1.57 and 4.84 ppm. The signal observed at 4.84 ppm was a rather
small and broad peak, characteristic of protons in groups linked
to surfaces. As expected, the 13C-NMR of the modified beads
displayed a main peak at 1.00 ppm and a smaller peak at 0.74 ppm.
Although a detailed description of the chemical connectivity of the
deposited film was not possible from these experiments, the relative
intensity of the peaks clearly demonstrates the presence of
hydrogen and carbon atoms, therefore confirming the possibility
to attach methyl groups to the silica surface.
Adsorption of proteins onto PDMS-like films. Three model
proteins were selected for the present studies: bovine serum
albumin (BSA), fibrinogen (Fib) and collagen type-I (Col). BSA
was chosen as control protein, because it blocks the adsorption of
other proteins and the adhesion of cells. Collagen84 and fibrino-
gen51,85 were selected because of their biomedical relevance.
Specifically, Collagen I is a major adhesive protein in the
extracellular matrix of many tissues while Fib has a crucial role
in the blood coagulation process. Fig. 2 shows representative
results of the dynamic adsorption experiments for BSA (in 10 mM
PBS at pH = 7.0), fibrinogen (in 50 mM PBS at pH = 7.7) and
collagen (in acetate buffer 40 mM at pH = 4.8), each one at a
concentration of 0.01 mg mL21 onto the thin-films of PDMS.
These experimental conditions were chosen to ensure complete
dissolution of the proteins and to allow comparison of the results
of the present studies with others reported for BSA,50 fibrinogen,86
and collagen84. The first noticeable aspect is that, despite having
the highest molecular weight, fibrinogen adsorbed to the substrate
surface at the highest rate (0.33¡ 0.02 mg m22 min21). This result
suggests that interactions with the substrate surface (and not only
the flux of protein) played a fundamental role in the adsorption
rate of Col and BSA. Conversely, it is important to note that the
highest adsorbed amount of protein was obtained with collagen
(2.6 ¡ 0.1 mg m22). These results can be attributed to a
combination of favorable electrostatic interactions (surface-to-
protein) and slow rearrangements in the adsorbed layer. Probably
the most important conclusion that can be extracted from these
results is that similar conditions shall not be used if equivalent films
of fibrinogen and collagen are to be adsorbed. While 82% of the
saturation amount (CSAT) of fibrinogen can be achieved in 40 min,
only 35% of the CSAT of collagen was adsorbed to the substrate
surface during that period of time. This is a critical aspect to
consider when adsorbing proteins because typically, there is a
dynamic competition between the adsorption process and the
structural rearrangements of the protein at the surface. While the
former process increases the number of proteins adsorbed per unit
area; the latter allows proteins to relax, maximize the interaction
with the substrate surface, and leads to significant reductions in
biological activity.
Considering the dimensions and structural rigidity of the
selected proteins (Table 1) as well as the average thickness of the
protein layers adsorbed onto the PDMS-like surface, it is reason-
able to consider that, while BSA and fibrinogen formed a single
(most likely incomplete) layer85,87,88 with side-on arrangement,
collagen formed an entangled multilayer of linear fibers.
The effect of protein concentration on the adsorbed amount
(C) onto the PDMS-coated surfaces was investigated in real-time
for the three chosen proteins. The representative example of
Fig. 3A shows the results obtained for fibrinogen. It was
observed that both the amount of adsorbed fibrinogen and the
initial adsorption rate increased as function of protein concen-
tration. It is also interesting to note that, a secondary process
was observed (at y60 min) when fibrinogen at 0.1 mg mL21 was
used, suggesting that post-adsorption re-arrangements (from
side-on to head-on) may be occurring. This observation is also in
agreement with a molecular area of 2.4 mg m22 of fibrinogen in a
closely packed monolayer with side-on configuration, reported
by Wertz and Santore.87 Post-adsorption processes such as
tilting, rolling, and spreading have been reported for a number of
proteins89–91 (including fibrinogen85,92,93) and are relevant
because they may significantly affect the biological activity of
the adsorbed molecules.
The amount of fibrinogen adsorbed on the PDMS film as a
function of time and in response to changes in the pH of the
buffer solution was also determined using spectroscopic ellipso-
metry. For these experiments, four pH values were selected
taking into consideration the isoelectric point of each protein
(Table 1). These experiments enabled evaluation of the relative
contribution of electrostatic and hydrophobic forces on the
interaction of proteins with both the surface and the proteins
already adsorbed to the substrate surface. Altering the charge of
fibrinogen (0.01 mg mL21) by changing the pH of the buffer
solution affected protein adsorption onto the PDMS-like
substrate (Fig. 3B). In all cases, a significant increase on the
amount of protein adsorbed was observed as the solution pH
approached the isoelectric point of each protein. Similarly, the
initial adsorption rate was fastest at pH values around the
isoelectric point of each protein tested but decreased as the pH of
the solution moved further away from the isoelectric point of
Fig. 2 Dynamic adsorption experiments of BSA (in 10 mM PBS at
pH = 7.0), fibrinogen (in 50 mM PBS at pH = 7.7) and collagen (in
acetate buffer 40 mM at pH = 4.8) at a concentration of 0.01 mg mL21
onto the nanostructured films.
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each protein. The results of the adsorption studies for the three
selected proteins are summarized in Table 2.
The experiments of the present study provided unique insights
into the amount and arrangement of proteins adsorbed onto the
thin-films of PDMS. In agreement with literature reports,
the highest amount of protein was adsorbed when the pH of
the buffer solution was close to, or near, the isoelectric point
of the respective protein. This observation is in agreement with
literature reports stating that, due to minimal protein-to-protein
electrostatic interactions, higher protein adsorption rates are
usually observed at the IEP.49,94,95 When compared to results
calculated from a purely diffusion-limited model,59 these results
indicate that the attachment to the surface plays a fundamental
role in the adsorption of the selected proteins. For that reason,
maximizing the adsorption rate has proven to be an effective way
to minimize structural rearrangements (such as spreading) of the
adsorbing protein molecules. In addition, measurements of the
initial adsorption rate only require a small amount of protein
and can be completed in a relatively short timescale (y20 min).
On the other hand, measurements of the saturation amount can
take significantly longer, allowing post-adsorption processes to
influence the interpretation of the observed phenomena.
The importance of hydrophobic interactions in the adsorption
of the chosen proteins is evidenced by the strong adsorption
observed even under unfavorable electrostatic interactions. The
results of the present study provide guidelines to assist other
researchers to select the most favorable and time-efficient
conditions to adsorb proteins onto PDMS.
Cell adhesion and morphology onto protein-modified surfaces.
The role of pre-adsorbed proteins on cell-adhesion and
morphology was examined. For these experiments, the Si/SiO2
substrates tested were first coated with 1,7-dicholoro-octa-
methyltetrasiloxane (to deposit a thin-film of PDMS of about
2 nm), and then modified by the adsorption of proteins. For each
protein, two experimental conditions were selected as either
favorable or unfavorable (based on the dynamic protein
adsorption data). BSA, which does not mediate the adhesion
of cells to substrates, was chosen as a reference. Table 3
summarizes the selected conditions for each protein.
In addition to unmodified silica substrates (Si/SiO2), sub-
strates coated with the thin-films of PDMS but without pre-
adsorbed proteins were used as controls. Details of the
procedures followed in evaluating cell adhesion and morphology
are given in the Experimental section of this manuscript.
The results provided evidence that HDMEC adhered to all
substrates tested. Although the number of adherent cells was
Fig. 3 A: Effect of protein concentration on the dynamic adsorption of fibrinogen onto PDMS-like nanofilms. Conditions: (a) 0.1 mg mL21, (b)
0.01 mg mL21, (c) 0.001 mg mL21 and (d) 0.0001 mg/mL. B: Effect of pH on the dynamic adsorption of fibrinogen (0.01 mg mL21) onto PDMS-like
nanofilms. Conditions: (a) pH = 6.6, (b) pH = 7.7 and (c) pH = 8.7.
Table 2 Kinetic data and adsorption conditions of proteins onto
PDMS-like films
Protein
Adsorption conditions
Concentration pH dC/dt (mg m22 min21) CSAT (mg m
22)
BSA 0.1 7.0 0.21 ¡ 0.03 1.3 ¡ 0.1
0.01 7.0 0.06 ¡ 0.01 1.0 ¡ 0.2
0.001 7.0 0.006 ¡ 0.005 0.4 ¡ 0.1
Fib 0.1 7.7 1.03 ¡ 0.11 3.6 ¡ 0.2
0.01 7.7 0.445 ¡ 0.06 2.3 ¡ 0.2
0.001 7.7 0.07 ¡ 0.02 1.9 ¡ 0.3
0.0001 7.7 0.01 ¡ 0.01 0.89 ¡ 0.09
0.001 8.7 0.04 ¡ 0.004 1.35 ¡ 0.2
0.001 6.7 0.08 ¡ 0.008 2.7 ¡ 0.2
Col 0.01 4.8 0.10 ¡ 0.01 2.70 ¡ 0.29
0.001 4.8 0.04 ¡ 0.01 1.84 ¡ 0.11
0.0001 4.8 0.01 ¡ 0.01 0.60 ¡ 0.08
0.001 4.0 0.02 ¡ 0.01 0.92 ¡ 0.09
Table 3 Parameters selected to evaluate the effect of adsorption
conditions on the adhesion of HDMEC
Protein Favorable conditions Unfavorable conditions
BSA 0.01 mg mL21 PBS,
pH = 7.0
0.0001 mg mL21 PBS,
pH = 7.0
Fib 0.01 mg mL21 PBS,
pH = 6.7
0.0001 mg mL21 PBS,
pH = 7.7
Col 0.01 mg mL21 Acetate,
pH = 4.8
0.0001 mg mL21 Acetate,
pH = 6.0
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Fig. 4 Fluorescent micrographs of human dermal microvessel endothelial cells after 3 h of adhesion on the selected substrates. Stains: Alexa Fluor
5681 Phalloidin and 499,6-diamidino-2-phenylindole dilactate. Magnification: 206. (A) Si/SiO2 substrate; (B) Unmodified substrate coated with
PDMS-like film; (C) PDMS-like substrate modified with BSA under favorable conditions; (D) PDMS-like substrate modified with BSA under
unfavorable conditions; (E) PDMS-like substrate modified with Fib under unfavorable conditions; (F) PDMS-like substrate modified with Col under
unfavorable conditions; (G) PDMS-like substrate modified with Col under favorable conditions; (H) PDMS-like substrate modified with Fib
under favorable conditions.
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similar on all the substrate surfaces of interest to the present
study, significant differences in cell morphology were observed.
Cells did not spread out when adhering onto the unmodified
silicon substrate (Fig. 4A). Only slight spreading was observed
when cells adhered onto the plain PDMS-like substrates or
the substrates modified with BSA at either condition tested
(Fig. 4B–D). In contrast, spread-out cells were observed on all
other substrates tested; however, the degree of cell spreading was
dependent on the type and amount of adsorbed protein. In this
respect, adhered cells exhibited moderate spread-out morpho-
logy onto PDMS-like substrates modified with either collagen
type-I or fibrinogen under unfavorable conditions (Fig. 4E–F).
Cells adhering onto PDMS-like substrates modified with either
collagen or fibrinogen under the most favorable conditions,
exhibited the most spread-out cell morphology (Fig. 4G–H). In
addition, the adherent cells exhibited the typical F-actin
arrangement for endothelial cells, specifically, a concentric
arrangement along the cell periphery as well as filaments
transversing the cell cytoplasm.
4. Conclusions
This report described a simple procedure to fabricate films of
n-dimethylsiloxane covalently attached to Si/SiO2 substrates.
The films were characterized by ellipsometry, 1H-NMR,
13C-NMR, contact angle measurements, and atomic force
microscopy. According to the presented results, exposing the
surface of SiO2 to 1,7-dicholoro-octamethyltetrasiloxane leads to
the deposition of homogeneous films of about 2 nm in thickness
with characteristics similar to those of commercial PDMS.
Dynamic adsorption experiments showed that the selected
proteins (BSA, Fib, and Col) adsorbed onto the surface of the
films with high affinity, that such adsorption process was
determined by a combination of hydrophobic and electrostatic
interactions, and that experimental conditions can be rationally
selected to minimize protein spreading on the PDMS surface.
Such knowledge of protein adsorption could lead to improved
understanding of cell and tissue interactions on material surfaces
pertinent to biomedical applications.
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